Abstract -In this study, we have analysed the effect of ethanol ami phosphatidylethanol, a unique phospholipid formed only in the presence of ethanol, on the binding of [ 3 H]inositol 1,4,5-trisphosphate to rat cerebellar membranes. Rats were intraperitoneally injected daily with 3 g of ethanol/kg body weight for different periods of time. Repeated administration of ethanol induced a reduction in the binding capacity (B mvl ) without affecting the affinity constant (Kj). A significant 32% reduction was observed after 21 days of exposure (from control B mMX values of 25 ± 3 pmol/mg and K^ values of 9 ± 2 nM). In an in-vitro assay, phosphatidylethanol (500 |iM) and phosphatidic acid (500 uM), but no other phospholipids tested, induced a reduction in B mMX (39% and 43%, respectively). The observed effect displayed by phosphatidylethanol was not due to its degradation to phosphatidic acid or other phospholipids. The results emphasize the importance of examining phosphatidylethanol (PEth) as a possible mediator of the effects of ethanol on cellular processes. However, the role of PEth in the observed effect of long-term ethanol exposure still needs further consideration.
INTRODUCTION
Several neurotransmitters and neuromodulators stimulate the breakdown of phosphatidylinositol 4,5-bisphosphate to generate inositol 1,4,5-trisphosphate (IP 3 ) and diacylglycerol (DG) (see Berridge, 1993 for review) . IP 3 mobilizes calcium from internal non-mitochondrial stores by binding specifically to a receptor, whereas DG activates protein kinase C. IP3 binding sites have been identified in numerous tissues with considerably large numbers in the Purkinje cells of the cerebellum (Worley et ai, 1987) .
It has been shown that the binding of IP 3 to its receptor is regulated by physiological alterations in the concentration of calcium and pH (Worley et ai, 1987; Pietri et ai, 1990) . Also, IP 3 -induced increase in cytosolic calcium is regulated by other agents. For instance, magnesium produces a minimal, but significant, inhibition of IP 3 binding
•Author to whom correspondence should be addressed (Varney et ai, 1990) . IP 3 -induced calcium mobilization is regulated by adenine nucleotides (Ferris et ai, 1990; Maeda et ai, 1991) and cyclic nucleotides (see Taylor and Richardson, 1991 for review) . Different drugs, such as heparin (Hill et ai, 1987) , calmodulin antagonists (Hill et ai, 1988) or caffeine (Parker and Ivorra, 1991) have been reported to interfere with the calcium response mediated by IP 3 .
Ethanol interferes with signal transduction events in a complex manner (see Hoek et ai, 1992 for review). We have found that ethanol inhibits agonist-induced phospholipase c (PLC) activation in NG 108-15 cells possibly by a decrease in G protein coupling (Simonsson et ai, 1991; Rodriguez et ai, 1992) . Inhibition of receptor-mediated phosphoinositide hydrolysis in rat liver slices (Gonzales and Crews, 1991) and inhibition of protein kinase C activity after alcohol treatment (Slater et ai, 1993) have also been reported. In addition, ethanol activates PLC in isolated hepatocytes (Hoek et ai, 1988) . The effect of ethanol on IP 3 -induced cytosolic calcium increase has been studied. The extracellular application of ethanol induces first a rapid potentiation of IP 3 -induced Ca 2+ liberation and a slow inhibition afterwards (Ilyin and Parker, 1992; Hoek et al., 1992) . The potentiating effect was suggested to be related to a stimulation of IP3 formation at the plasma membrane, whereas the inhibition could occur at a deeper level within the cell (Ilyin and Parker, 1992; Hoek et al., 1992) . The calcium response may be affected through changes in cellular IP 3 levels or by altering the binding of IP 3 to the receptor (Smith, 1987 (Smith, , 1989 . Despite all these studies, the precise molecular events underlying both direct and indirect interactions of ethanol with signal transduction systems and their relationship to long-term adaptive changes are not well understood (see Hoek et al., 1992 for review) .
Ethanol may elicit the formation of phosphatidylethanol (PEth) by phospholipase D (Gustavsson and Ailing, 1987; Kobayashi and Kanfer, 1987) . Accumulation of this phospholipid after ethanol exposure has been observed in rat brain (Lundqvist et al., 1994b) , cultured neuroblastoma x glioma cells (Lundqvist et al., 1993) as well as in neutrophils from human alcoholics (Lundqvist et al., 1994a) . The accumulation of this phospholipid in cell membranes after alcohol intoxication may have important consequences for membraneassociated events (see Gustavsson, 1995 for review) .
In the present study, we have investigated the effect of ethanol on the binding of IP 3 to its receptor after different periods of alcohol treatment. Also, the influence of phosphatidylethanol on the IP3 binding was analysed. The results have been partly presented in a short preliminary report (Rodrfguez et al., 1994) .
MATERIALS AND METHODS

Animals
Adult male Sprague-Dawley rats (approximate body weight 200 g) (Biocentre, Interfauna, Barcelona, Spain) were used throughout. The rats were maintained in standard conditions in the animal house, having access to standard chow (Panlab, Barcelona, Spain) and water ad libitum. Ethanol treatment was by i.p. injection of a 3 g/kg body weight dose, once a day, for 7, 14 and 21 days respectively. Control rats received isocaloric amounts of sucrose by the same route. Sucrose and ethanol were prepared in sterile 0.9% (w/v) NaCl solution. Animals were killed by cervical dislocation the corresponding day, ~ 90 min after the last injection, since at this time-point plasma alcohol concentrations were maximal (data not shown). An additional group of animals was killed 90 min after a single injection of a 3 g/kg body weight dose of ethanol. Eibl and Kovatchev (1981) . Radioactive PEth was synthesized as described below.
Materials
Preparation of cerebellar membranes
Crude membranes were prepared from control and ethanol-treated rats according to Worley et al. (1987) and Bredt et al. (1989) . Briefly, cerebella were rapidly removed and homogenized in 50 vol of ice-cold buffer containing 50 mM Tris-HCl, 1 mM EDTA, and 1 mM 2-mercaptoethanol, pH 7.7. Homogenates were centrifuged at 20 000 g for 20 min, and the pellet was resuspended in 50 vol of the same buffer. This washing procedure was repeated three times. Membranes were resuspended in buffer and protein content was determined (Bradford, 1976) . Portions containing 1 mg of protein/ml were stored at -80°C until analysis. Worley et al. (1987) and Bredt et al. (1989) . The incubation medium (250 |il) consisted of the same buffer solution as described for the preparation of the membranes, except that the pH was 8.6. Each sample contained 60 ug of membrane protein, 10 000 dpm of tritiated IP 3 , different amounts of unlabelled IP 3 (from 1 to 100 nM), and different concentrations of ethanol and/or phospholipids. When phospholipids were added to the incubation mixture, the chloroform: methanol mixture (2:1, by volume) containing the phospholipids was evaporated under nitrogen. Thereafter, phospholipids were resuspended in a given amount of incubation buffer, mixed and sonicated in a water bath before they were added to the membrane fraction to give the appropriate concentration. The tubes were then vigorously shaken in a vortex apparatus. Assay tubes were kept at 4°C for 10 min. The incubation was terminated by rapid centrifugation (12 000 g) for 15 min in a Beckman Microfuge 12. The supernatant was carefully aspirated, and the radioactivity accumulated in the pellet measured by scintillation counting. Non-specific binding was determined in the presence of 1 u.M of non radioactive IP 3 . Binding capacities (B max ) and affinity constants (K d ) were calculated by indirect saturation analysis and subsequent Scatchard linearization, using the EBDA computer program (McPherson, 1985) .
Synthesis of labelled PEth
[ 3 H]Glycerol-labelled and [ 3 H]palmitatelabelled PEth were synthesized in our laboratory by using the endogenous PLD activity of C6 glioma cells (Gustavsson el ai, 1989) and NG 108 15 cells (Lundqvist et ai, 1993) respectively. Briefly, cells were labelled with [ H]glycerol for 20 h or with [
3 H]palmitate for 6 h and thereafter stimulated with 100 nM 12-o-tetradecanoylphorbol ester 13-acetate (TPA) and 150 mM ethanol for 2 h. Lipids were extracted according to Bligh and Dyer (1959) . The synthesized radioactive PEth was purified by two preparatory TLC steps. First, the lipid extracts were applied to HPTLC plates and developed in the solvent system ethyl acetate:iso-octane:acetic acid (90:50:20, by volume). In the second step, HPTLC plates were developed in the system hexane:diethylether: methanol:acetic acid (90:20:3:2, by volume). The bands corresponding to PEth were identified by running PEth standards in parallel on the same plates. Thereafter, the bands were scraped into chloroform:methanol (2:1, by volume) and the phospholipid was re-extracted from the silica gel and kept at -80°C until use.
In order to ascertain if the effects of PEth were due to the phospholipid itself or to a degradation product, we checked if radiolabelled PEth was degraded under the conditions used for binding assays. Rat cerebellar membranes from ethanol naive animals were incubated for 10 min at 4 C C in the presence of trace amounts of radioactive PEth and non-radioactive PEth to give a varying final concentration in the assay tube. Incubation was terminated by adding chloroform:methanol (1:2, by volume). After extraction, the organic lipid phase was removed, evaporated under nitrogen and rediluted to a required volume with chloroform:methanol (2:1, by volume). The lipid extract was applied to HPTLC plates and phospholipids separated in the solvent system described above for the purification of radioactive PEth (first separation step). Lipid spots were visualized by exposure to iodine vapour, scraped into scintillation liquid and counted in a ^-counter. C]PA under the same conditions as described for the binding experiments. Small amounts (~ 100 000 cpm) of radioactive phospholipid were added to the incubation mixture. After incubation for 10 min at 4°C, the membranes were centrifuged at 12 000 g for 15 min. The pellet was washed with 500 nl of the same buffer used for the binding assay, except that it contained 0.5% (w/v) bovine serum albumin. The final pellet was resuspended in 125 JJ. 1 of water. The lipids were extracted from this resuspended pellet, separated on HPTLC plates and the radioactivity on individual spots corresponding to phospholipids was measured. As a control, portions of radioactive phospholipids that had not been incubated with the membranes were extracted, separated on HPTLC plates and the radioactivity analysed with regard to each lipid. By this procedure, we calculated the percentage of radioactive phospholipid incorporated into the membranes.
Incubation of membranes in the presence
Statistical analysis
All data were calculated as means ± SEM. Statistical significance was determined by using Student's r-test.
RESULTS
Effect of ethanol on the binding of [ 3 H]IP 3 to its receptor
The binding of tritiated IP 3 to cerebellar membranes from control rats was carried out in the absence and the presence of ethanol. Indirect saturation analysis of binding parameters demonstrated the existence of a single receptor population (Table 1 and Fig. 1 ). The specific binding of a single concentration of the agonist [ (Table 2) . Furthermore, no changes in binding were observed in rats treated with a single i.p. injection of ethanol (3 g/kg body weight) ( Table 1 and Fig. 1 ). However, a reduction in fl max was observed in membranes from rats that were treated for a longer time with ethanol. This reduction became statistically significant after 21 days of treatment. Equilibrium dissociation constants (Ka) were not altered ( Fig. 1 and Table 1) . 
In-vitro effect of phospholipids on [ 3 HJIPj binding to its receptor
PEth was added to cerebellar membranes in order to study the effect of this unnaturally occurring phospholipid, formed in the presence of ethanol, on the binding of IP 3 to its receptor. As shown in Fig. 2 , PEth reduced the binding of radiolabelled IP 3 to its receptor in a dosedependent manner with an approximated IC50 of 725 |iM. Also, PA induced a similar reduction. The ICso value for PA was approximately 700 (iM. The effect of other phospholipids was also tested. As Fig. 3 shows, phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS) and phosphatidylinositol (PI) had no effect on the binding of IP 3 to its receptor. The reduction in binding observed with PEth and PA was studied by indirect saturation analysis, in order to determine how and to what extent the binding parameters were altered. Scatchard linearization of the data showed that both phospholipids induced a significant reduction in B max without altering the binding affinity {K4) (Fig. 4 and Table  3 ). The possibility that the effect of PEth was due to its degradation to PA was studied by incubating the membranes in the presence of radioactive PEth under the same conditions used for the analysis of binding. After a 10 min incubation, no radioactivity was detected in PA or in any of the other Table 3 . Parameters for the in-vitro binding of [ Binding experiments were performed as indicated in Materials and Methods, in the absence or the presence of 500 (iM phosphatidylethanol or phosphatidic acid. Results are the means + SEM of three experiments done in triplicate. ' Statistical significance (P < 0.05, Student's two-tailed Mest).
phospholipids separated by HPTLC, 95% of the radioactivity remained in the PEth spots (data not shown).
To establish the amount of phospholipid incorporated into the membranes in our assay conditions the membranes were incubated in the presence of different concentrations of phospholipids and trace amounts of radioactive phospholipids. Table 4 demonstrates that PEth, PA and PC show different profiles of incorporation. PC was the most efficiently incorporated phospholipid, whereas PEth and PA were associated with the membrane to a smaller degree.
DISCUSSION
In the present study, we show that repeated administration of ethanol by i.p. injection reduces the binding of inositol 1,4,5-trisphosphate to rat (Smith 1987 (Smith , 1989 . However, the effect of PEth on IP 3 -receptor binding has not previously been described. If PEth accumulation is responsible for the ethanol effect, a certain threshold level of accumulated PEth may be required. This would explain why the reduction of IP3 binding was observed only after 3 weeks of ethanol administration. Previously, we have studied the accumulation in vivo of PEth and its rate of disappearance in brains from rats after repeated administration of ethanol by i.p. injections (Lundqvist et al, 19946) . PEth was detected in several regions of rat brain after ethanol injection with an accumulation after repeated injections. The cerebellum was the region where the highest amount of PEth was found. Notably, a doubling of the amount of PEth formed was observed after 1 week with two daily ethanol injections (32 nmol of PEth/g wet wt), compared to after one single injection of ethanol (15 nmol PEth/g wet wt) (Lundqvist et al, 19946) . Thus, an accumulation of PEth occurs in cerebellum and there is theoretically a possibility that the amount of PEth reaches a threshold for its effects on IP3 binding after prolonged ethanol exposure. The amount of PEth accumulated after ethanol administration was not higher than 1% of phospholipids (Lundqvist et al, 1994b) . In our in-vitro experiments, we have determined that 26% of radioactive PEth incorporates or associates into the membranes. However, when comparing our invivo and in-vitro results, we must consider that the bulk of exogenously added PEth could have a different subcellular localization and membrane distribution, compared to endogenously formed PEth. Also, endogenously synthesized PEth may have a fatty acid composition different from that of exogenously added PEth (Lundqvist et al, 1993) . Consequently, care must be taken not to extrapolate from in-vitro results, and therefore we could not conclude that the effect of ethanol exposure is due to PEth accumulation. Nevertheless, our new observation points towards a possible mechanism for ethanol effects that needs further investigation.
PEth and PA exhibit the same effect on the binding of IP 3 to its receptor. By using radioactive PEth, under our assay conditions, no radioactivity was found in PA or in any other phospholipid after 10 min of incubation. Hence, the observed effect displayed by PEth does not seem to be due to its degradation to PA. Although PEth and PA show similar effects in several cellular events, some differences need to be addressed. For instance, PA is usually synthesized and metabolized rapidly, whereas PEth accumulates in cell membranes and has a slower metabolism (Lundqvist et al, 1993 (Lundqvist et al, , 1994a . Thus, PEth may have a more long-lasting effect on IP 3 levels. This fact has to be considered when studying the effects of these phospholipids on different cellular events. Adaptation triggered by long-term exposure to ethanol must be considered as a possible mechanism for the effects of ethanol on IP 3 binding. For instance, we have reported that chronic ethanol exposure (2 days) induces an augmentation of the basal levels of IP 3 in NG 108-15 cells. Interestingly, PEth was detected in the cells at this time after treatment (Lundqvist et al, 1993) . Also, exogenous PEth was found to cause a time-and dose-dependent increase in basal levels of IP 3 . The effects of PEth and ethanol were not additive, indicating that PEth could be the cause of the increase in both situations (Lundqvist et al., 1993) . Thus, it seems as though both chronic ethanol and PEth may exert their effect on IP 3 levels through a similar or related mechanism. The increase in the levels of IP3 might induce a down-regulation of the IP 3 receptors, and thus a detectable reduction in binding, as we report here after chronic ethanol exposure. Down-regulation of IP3 receptors after muscarinic receptor activation has been reported (Wojcikiewicz and Nahorski, 1991) . The observation was related to degradation of IP 3 receptors, possibly initiated by sustained IP 3 formation and persistent calcium release from the intracellular stores (Wojcikiewicz et al, 1994) . Ethanol raises the levels of cytoplasmic Ca 2 + (Ilyin and Parker, 1992) and may subsequently alter the binding of IP3 to its receptor, since calcium has been shown to inhibit IP 3 binding (Danoff et al, 1988) . Other possibilities for an explanation of the effects of chronic ethanol exposure and PEth include direct effects on the receptor protein and on its synthesis and degradation, its phosphorylated state, lipid environment and also the levels of mRNA encoding the protein.
Although the effect of long-term ethanol exposure on IP 3 binding may be due to adaptation, the observed effect of PEth on binding does not seem to be in accordance with an adaptation process, since cerebellar membranes were only exposed to the phospholipid during the incubation period. The increase in the basal levels of IP 3 might not be the only mechanism through which a reduction in binding occurs as a consequence of a down regulation event. In fact, it has been reported that, in mouse cerebellum, acute ethanol exposure induces a reduction in, whereas chronic treatment does not affect, IP3 levels .
In conclusion, we report that chronic ethanol treatment and phosphatidylethanol, an abnormal phospholipid formed in the presence of ethanol, and phosphatidic acid, reduce IP 3 binding to its receptor in rat cerebellar membranes. Possibly, ethanol does not exert its effect solely through the formation of PEth, but this negatively charged phospholipid should be taken into consideration when examining the effects of ethanol on different molecular targets. The alteration of the ubiquitous phosphoinositide-mediated signal transduction pathways may have significance in the context of some of the symptoms derived from states of alcohol intoxication and abuse.
